One sentence summary: Paenibacillus larvae has two members of the nucleobase cation symporter 2 family of transporters with different solute transport and binding profiles.
INTRODUCTION
The gram-positive bacterium Paenibacillus larvae is the causative agent of the American foulbrood and powdery scale disease in Honey bees (Apis millifera Linnaeus) (White 1906; Katznelson 1950) . Endospores of P. larvae infect only larvae once consumed in contaminated royal jelly (Genersch 2010; Ebeling et al. 2015) . Larvae are most susceptible 12 to 36 h after hatching. Once in the nutrient-rich larval midgut, spores of P. larvae germinate and greatly proliferate (Yue et al. 2008) . Recent work has shown that in vitro spore germination is triggered by L-tyrosine and uric acid (Alvarado et al. 2013) . Uric acid, a waste product from purine degradation and metabolized proteins, accumulates to high levels in the midgut as the midgut and hind gut are not yet connected in young larvae (Winston 1987) . Once the midgut epithelium is breeched, bacteria proliferate in the hemocoel, producing extracellular proteases (Antúnez et al. 2009 ) and toxins (Poppinga and Genersch 2015) . Larval cell death ensues culminating in a putrid and ropey mass. Bacteria produce highly resistant spores once nutrients are depleted. Worker bees sense the decay, open the brood chamber, remove the carcass and become coated with spores that are available to infect subsequent larvae (Genersch 2010; Ebeling et al. 2015) . The abundance of cellular metabolites, including nitrogen-rich nucleobases, nucleosides and nucleotides, in the hemoceol of infected larvae offers P. larvae ample opportunity to import valuable nutrients for rapid proliferation.
Nucleobase transporters are ubiquitous among eukaryotes and prokaryotes and belong to five independent families. Nucleobase cation symporter 1 (NCS1) transporters are present in bacteria, fungi and plants (Pantazopoulou and Diallinas 2007; Ma et al. 2013) . The nucleobase cation symporter 2 (NCS2) family, also known as the nucleobase ascorbate transporter (NAT) family, are a large family found in bacteria, fungi (except Saccharomyces cerevisiae), plants and mammals (Pantazopoulou and Diallinas 2007; Gournas, Papageorgiou and Diallinas 2008; Frillingos 2012) . The closely related Aza-guanine transporters (AzgA) are restricted to bacteria, fungi and plants (Diallinas et al. 1995; Krypotou et al. 2014) . In addition, two other nucleobase families, the purine permease (PUP) and ureide permeases (UPS), are found only in plants (Desimone et al. 2002; Schmidt et al. 2004 Schmidt et al. , 2006 Jelesko 2012) . Nucleobase transporter families have solute transport preferences among purines and pyrimidines. Comparison of solute transport profiles between families reveals overlapping solute transport capabilities. Even within a transporter family, members often have overlapping but unique solute transport and binding profiles. The role of nucleobase transports differs between multicellular organisms and single-cell organisms. In plants, the plethora of nucleobase transporters locates in many different subcellular membranes and serves the needs of extensive nucleobase de novo synthesis, salvage and catabolic pathways. In single-celled organisms, nucleobase transporters function for the acquisition of these nitrogen-rich molecules from the external environment.
The NCS2 and the closely related azaguanine-like transporter (Azg) belong to the Clusters of Orthologous Groups (COG) 2233 and 2252, respectively. In plants, NCS2 tend to have broad and mixed solute transport and binding profiles including combinations of xanthine, uric acid, uracil, adenine, guanine, cytosine and hypoxanthine (Argyrou et al. 2001; Niopek-Witz et al. 2014; Schultes and Mourad pers. comm.) . Microbes, in contrast, have NCS2 with more restricted solute transport and binding profiles. Fungal nucleobase transporters have been well studied in Aspergillus nidulans including two NCS2, UapA and UapC, that transport uric acid and xanthine (Gournas, Papageorgiou and Diallinas 2008 ) and the purine transporter AzgA that moves adenine, hypoxanthine and guanine (Cecchetto et al. 2004; Goudela, Tsilivi and Diallinas 2006) . Both UapA and AzgA have been extensively studied with dozens of mutations that have been characterized at the biochemical level (Kosti et al. 2012; Krypotou et al. 2014) . In bacteria, NCS2 and AzgA have been most studied in Escherichia coli which contains 10 NCS2 with narrow solute transport profiles: the COG2252 members include EcGhxQ (YgfQ) and EcGhxP (YjcD) transporting guanine and hypoxanthine (Papakostas, Botou and Frillingos 2013) and EcAdeP (YieG) and EcAdeQ (YicO) transporting adenine (Papakostas, Botou and Frillingos 2013) , while the COG2233 members include EcUraA transporting uracil (Lu et al. 2011) , EcXanP (YicE) and EcXanQ (YgfO) transporting xanthine (Karatza and Frillingos 2005) , EcUacT transporting uric acid (Papakostas and Frillingos 2012) and EcRutG (Kim et al. 2010) and EcYbbY are of unknown function (Cusa et al. 1999) . The recent elucidation of the 3D structures of EcUraA (Lu et al. 2011 ) and the NCS2 xanthine/uric acid transporter UapA of Aspergillus nidulans (Alguel et al. 2016) , in combination with functional analysis of cysteine-scanning and site-directed mutants of EcAdeP, EcGhxP, EcXanP and EcUacT, offers insight into the functional working of NCS2 and AzgA transport (Karatza et al. 2006; Papakostas, Georgopoulou and Frillngos 2008; Papakostas and Frillingos 2012; Papakostas, Botou and Frillingos 2013) . It is with this setting that the solute transport profile for two COG2233 transporters from P. larvae are investigated here.
MATERIALS AND METHODS

Microbial strains and growth conditions
Paenibacillus larvae subspecies larvae strain NRRL B-3650 was grown on MYPGP media (Dingman and Stahly 1983) . Growth profiles of B-3650 in the presence of 0, 10, 100 and 500 μg/ml of 6-thioguanine (6TG) were inoculated with 1/50 overnight culture into 0.5 ml MYPGP, grown at 37
• C with an orbital shake 
Nucleic acid manipulations
Genomic DNA was isolated from P. larvae strain B-3650 using QIAamp Tissue kit (Qiagen Inc. Santa Clarita, CA). The coding regions for PlAzg1 and PlAzg2 were amplified from genomic DNA by the polymerase chain reaction using oligonucleotides primers PlAzg1a 5 gggagctctcgagatgtcaaggtacgcccaagtgaaagg 3 and PlAzg1b 5 ataagaatgcggccgcttatgaatggataaatccaagctg 3 or primers PlAzg2a 5 5 cccaagcttctcgagatgtacgtttcctccttactctt 3 and PlAzg2b 5 ataagaatgcggccgcttacatcgtctgaagcacaaagtg 3 , respectively. The PCR products were purified using QIAquick PCR purification kit (Qiagen Inc.) and, along with yeast expression vector pRG399, cut with endonuclease restriction enzymes Xho I and Not I, ligated and transformed into E. coli strain DH5α to generate plasmids pRH718 (PlAzg2) and pRH720 (PlAzg1). DNA sequence analysis was performed at the W.M. Keck Biotechnology Resource Laboratory at Yale School of Medicine (New Haven, CT, USA) to verify sequence integrity. Plasmids pRH718 and 720 were transformed into yeast strains RG191 and NC122-Sp6 and selected on SC-leucine media. RNA was isolated from P. larvae strain B-3650 culture grown in MYPGP to an OD 600 of 0.64 using the RNeasy Protection Kit/RNA protect Bacterial Reagent (Qiagen (Fig. 1) or Maximum Likelihood PhyML 3.1 (Guindon et al. 2010) (Fig. S1 , Supporting Information) and tree construction TreeDyn (Chevenet et al. 2006) .
Radiolabel uptake by yeast expressing PlAzg1 and 2
Yeast strain RG191 harboring pRG399, pRH718 or pRH720 was grown for 24 h at 30
• C; concentrated to OD 600 = 4; and incubated 
Transport kinetics and inhibitor studies of PlAzg1 and 2
The K m values of PlAzg1 and 2 for adenine were measured through traditional Michaelis-Menten kinetics experiments. RG191 cells (OD 600 = 4) containing pRH718 or pRH720 were incubated with increasing concentrations of [2, 
RESULTS AND DISCUSSION
Two azaguanine-like transporters are encoded in the genome of P. larvae
A search of the P. larvae B-3560 genome through the National Center for Biotechnology Information database with the amino acid sequence of the E. coli adenine permease AdeP (also known as PurP and YieG) using tblastn (Altschul et al. 1990 ) located two presumptive proteins Gb# EFX46818.1 and EFX46366.1 now referred to as PlAzg1 and PlAzg2, respectively (Chan et al. 2011 ).
Ultimately we want to determine the function of each protein.
The first avenue to pursue is to establish which of the 10 E. coli NCS2 proteins are most closely related to PlAzg1 and 2 and then determine if amino acid sequence similarities can be used as a surrogate to assign function or not. Two tiers of comparisons are used: (i) measuring the levels of overall amino acid sequence identity/similarity and (ii) correlating key amino acid positions in E. coli NCS2 transporters-previously identified as key to function-with the analogous positions in PlAzg1 and 2. A phylogenetic tree detailing amino acid sequence comparisons of other NCS2 proteins reveals a close association between PlAzg1 and PlAzg2 and the E. coli adenine and guaninehypoxanthine transporters in COG2252 (Fig. 1 ). PlAzg1 and 2 are more distantly related to other E. coli NCS2 proteins in NCS2 subgroup COG2233 which contains uracil, xanthine and uric acid transporters. This phylogenetic association is robust as an analysis employing either Bayesian inference (Fig. 1) or maximum likelihood (Fig. S1 , Supporting Information) settles on the same tree structure. PlAzg1 and 2 show 25%-37% amino acid identity/60%-82% similarity to EcAdeP and EcGhxP, between 20%-29%/57%-60% identity/similarity with Arabidopsis thaliana AtAzg1 and 2 and 20%-26%/53%-55% identity/similarity with Aspergillus nidulans AnAzgA (Fig. S2, Supporting Information) .
A close analysis of amino acids key for solute discrimination and transport reveals that both PlAzg1 and 2 share only 21 of 35 invariant amino acids identified with E. coli adenine and guanine-hypoxanthine transporters and other COG2252 members (Papakostas, Botou and Frillingos 2013 ) (see Fig. S2 , Supporting Information). Of the eight amino acids found to be important for adenine transport by site directed mutagenesis Figure 2 . Expression of PlAzg1 and 2 by P. larvae and growth of P. larvae on 6-thioguanine. (a) Expression of PlAzg1and 2 in P. larvae by endpoint RT-PCR. Lane 1, exACTGene 1 kb plus DNA ladder (Fisher); lanes 2 and 6, genomic DNA PCR control; lanes 3 and 7, DNaseI-treated RNA PCR control; and lanes 4 and 8, RT-PCR of total RNA with lanes 2-4 amplified with PlAzg1-specific primers and lanes 6-8 amplified with PlAzg2-specific primers. (b) Growth of P. larvae B-3650 in MYPGP alone or supplemented with 10, 100 and 500 mg/ml of 6-TG at 37
• C for 17 h and turbidity measured at 590 nm.
in EcAdeP, PlAzg1 is conserved for only four and PlAzg2 conserved for only one (Papakostas, Botou and Frillingos 2013 ) (see Fig. S1 , Supporting Information). Similarly, for the same eight amino acids determined essential for hypoxanthine transport by site-directed mutagenesis in EcGhxP, PlAzg1 is conserved for only three and PlAzg2 conserved for only one (Papakostas, Botou and Frillingos 2013 ) (see Fig. S2 , Supporting Information). PlAzg1 and 2 do share amino acid identity with a majority of the nine amino acids in AnAzgA that are essential for substrate binding and transport or critical for function (Cecchetto et al. 2004 ) (see Fig. S2 , Supporting Information). Sequence analysis alone is insufficient to assign transporter function to PlAzg1 and2, and direct experimental determination of function is needed. End point reverse transcription polymerase chain reaction of P. larvae RNA from vegetative cells reveals that the PlAzg1 and 2 loci are expressed (Fig. 2a) . The close structural toxic analog of guanine 6TG is transported by EcGhxP (Papakostas, Botou and Frillingos 2013) . As shown in Fig. 2b growth of P. larvae is diminished in the presence of increasing concentrations of 6TG. These data are consistent with the presence of P. larvae transporter(s) that recognize and move this guanine analog during vegetative growth. The higher level of amino acids conserved between PlAzg1 and 2 and those functionally important for the eukaryotic AnAzgA compared to the low level of amino acid conservation with those functionally important in bacterial EcAdeP and EcGhxP raises the questions as to what is the solute transport profile for PlAzg1 and 2.
Defining the solute transport profile of PlAzg1 and 2
The coding regions of PlAzg1 and 2 were amplified from genomic DNA isolated from P. larvae strain B-3650 and cloned as transcriptional fusions into the yeast high copy expression vector pRG399 (with the PMA1 promoter producing a moderately high constitutive level of expression) (Serrano and Villalba 1995; Mansfield, Schultes and Mourad 2009 ) to create plasmids pRH720 and pRH718, respectively. Plasmids pRH718 and 720 were transformed into S. cerevisiae strains RG191 and NC122-Sp6. Strain 191 is deficient in transport of adenine, guanine, hypoxanthine and cytosine due to a deletion of the Fcy2 locus. Strain NC122-Sp6 is deficient in the transport of uracil as it carries a deletion of the Fur4 locus. Yeast genomes do not contain loci for xanthine or uric acid transport. The solute transport profile for other plant and microbial nucleobase transporters has been successfully determined employing the fcy2-and fur4-deficient strains and expression plasmids via heterologous complementation experiments and monitoring for the uptake of radiolabeled purines and pyrimidines (Mansfield, Schultes and Mourad 2009; Mourad et al. 2012; Schein et al. 2013; Minton et al. 2016; Rapp et al. 2016) . Figure 3 cytosine than strains containing the empty vector ( Fig. 3a-f ). It appears that both PlAzg1 and 2 have unique and broad nucleobase transport abilities for both purines and pyrimidines. This is in contrast to the E. coli Azg-like transporters AdeP and GhxP in COG2252 that transport only adenine or guanine, hypoxanthine and 6TG, respectively (Kozmin et al. 2013; Papakostas, Botou and Frillingos 2013) . Further, the binding capacity of EcAdeP is also very restrictive as it does not competitively bind xanthine, uracil or cytosine and shows a very limited ability to bind guanine, hypoxanthine and 6TG (Papakostas, Botou and Frillingos 2013) . Similarly, the binding capacity for EcGhxP is restricted not recognizing adenine, xanthine, uracil or cytosine (Papakostas, Botou and Frillingos 2013) . PlAzg1 and 2 share broad transport profiles similar to those of fungal and plant Azg transporters. AtAzg1 and 2 are known to transport both adenine and guanine, and AnAzgA is known to transport adenine, guanine and hypoxanthine (Goudela, Tsilivi and Diallinas 2006; Mansfield, Schultes and Mourad 2009 ). More recently, the characterization of three Azg transporters in Zea mays revealed unique solute transport profiles that together include adenine, guanine, hypoxanthine, xanthine, cytosine and uracil (Mourad and Schultes pers. comm.) . As observed with NCS1 transporters, each Azg transporter has a unique solute transport and binding profile. Although AnAzgA transports adenine and guanine, it does not recognize xanthine or uric acid, yet PlAzg1 and 2 both transport xanthine and recognize uric acid (see below). It is interesting to note that the eight common and functionally important amino acids in EcAdeP and EcGhxP, as determined by site-directed mutagenesis coupled with adenine or hypoxanthine transport studies, are poorly conserved in PlAzg1 and 2 (see Fig. S1 , Supporting Information). These residues locate in transmembrane spanning domains 1, 3, 8, 9 and 10 that comprise the 'core domain' based upon the experimentally derived 3D structure of EcUraA (an NCS2 transporter) (Lu et al. 2011). The solute-binding pocket is formed in the junction between the core domains and the remaining TM in the gate domain (Lu et al. 2011) . Site-directed mutagenesis of the analogous residues in EcUacT and EcXanQ also affect solute transport or specificity (Frillingos 2012; Papakostas and Frillingos 2012) . However, the results of such site-directed alterations are not necessarily transferable to closely related proteins. Specifically, the A91G and D267E alterations in EcAdeP abolish adenine transport, yet are present as G and E, respectively, in PlAzg1 and 2 which exhibits robust adenine transport. Similarly, the D271E alteration in EcGhxP (analogous to the D267E in EcAdeP) abolishes hypoxanthine transport but in PlAzg1 and 2, E is already present and hypoxanthine transport occurs. The take home lesson from this study is that neither amino acid sequence similarity of a transporter nor taxonomic proximity of host organisms is sufficient to assign functionality.
PlAzg1 and 2 show high affinity for adenine and uric acid
The affinity of PlAzg1 and 2 for adenine was determined using Michaelis Menten kinetics experiments in which RG191 harboring PlAzg1 or 2 was incubated with increasing concentrations of [ 3 H]-adenine and then the resulting radiolabel uptake was monitored. Data reveal that both PlAzg1 and 2 have high affinities for adenine with a K m of 2.95 ± 0.22 μM and 1.92 ± 0.22 μM, respectively (Fig. 4) . These are similar to the affinities observed for adenine in EcAdeP 1.0 μM and AzgA 3 μM (Papkostas et al. 2013; Krypotou et al. 2014) . Heterologous competition experiments employing labeled adenine and unlabeled uric acid yielded a K i of 33 μM for PlAzg1 and 0.32 μM for PlAzg2 for uric acid (data Significance was measured at P = 0.05 ( * ).
not shown). PlAzg1 and 2 show moderate and high affinity for uric acid in contrast to the general nucleobase transporter PlUacP (uric acid-like permease) that has a low affinity for uric acid K i 336 μM (Stoffer, Mourad and Schultes pers. comm.). Given that there is an accumulation of uric acid in the young Honey bee larvae midgut, and that uric acid might serve as a signal for P. larvae spore germination (Alvarado et al. 2013) , it is conceivable that this nitrogen-rich molecule would be readily transported into vegetative growing cells (Yue et al. 2008) prior to invasion into the Honey bee larvae hemocoel. Yeast strain RG191 containing PlAzg1 or 2 takes up significantly less [
3 H]-adenine in the presence of the proton uncoupler carbonyl cyanide m-chlorophenylhydrazone, but not the Na + gradient disruptor Ouabain (Table 1) . Like their bacterial, fungal and plant NCS2 homologs, PlAzg1 and 2 appear to be a protonnucleobase symporter, in contrast to mammalian NCS2 that rely upon a Na + gradient for function (Gournas, Papageorgiou and Diallinas 2008) . During rapid cell growth in infected honeybee larval, a rich plethora of compounds released from dis-rupted cells are available for uptake by the pathogen-including nitrogen-rich purines and pyrimidines. Here, it is shown that the solute transport function of PlAzg1 and 2 allows P. larvae to import a wide range of nucleobases from external sources. Paenibacillus larvae spores germinate and grow in a uric acid-rich midgut environment and invade into the nutrient-rich hemocoel. Our research has shown that nucleobase transporters capable of taking up adenine, guanine and one transporter that strongly recognizes and binds uric acid exist in P. larvae. Future experiments aim at mutagenizing the PlAzg1 and 2 loci in P. larvae and determining their role in the American foulbrood disease process.
